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ABSTRACT 
Full-field quantitative visualization of freezing interfaces requires the introduction of high 
resolution noninvasive methods. Magnetic Resonance Imaging (MRI) is a versatile tool for mapping the 
distribution of liquids (primarily water) in three-dimensional space, and is the only practical solution in 
systems that are strongly refracting or opaque to visible light. MRI is employed to visualize freezing in 
water-saturated packed beds consisting of spherical beads cooled from below. Imaging of the stagnant 
interstitial water is accomplished by exploiting the strong contrast in MRI signal between interstitial ice and 
liquid water. Our implementation of MRI allows fully three-dimensional reconstruction of the solidification 
front and adequate time resolution to quantify the freezing of the pore water. The wall effect, as expressed 
by the ratio of bed to bead diameter, is examined with respect to the shape and propagation rate of the 
freezing interface. MRI can.be effective only in media that do not affect the imposed magnetic fields. In 
heat transfer applications, extra provisions in terms of design and choice of materials of the test section are 
np.~essary to accommodate the special environment of the MRI scanner. 
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NOMENCLATURE 
BO static magnetic field strength of superconducting MRI scanner [Tesla] 
C specific heat [J kg- I K -I ] 
d diameter of glass beads [mm] 
D diameter of cylindrical packed bed [mm] 
H height of packed bed [mm] 
L latent heat of fusion [J kg- I] 
Ste Stefan number (dimensionless), CMS(TF-Tc)1L 
t time [sec] 
T temperature [K] 
x, y, z Cartesian coordinates 
Z average distance of ice interface from cooled wall [mm] 
Z* ZIH (dimensionless) 
Greek Symbols 
a thermal diffusivity [m2 sec-I] 
L1 T unwanted temperature rise [K] 
K thermal conductivity [W m- I K-I] 
p density [kg m-3] 
't dimensionless time, equation (4) 
<1> porosity 
roo Larmor frequency [rad sec- I] 
Subscripts 
initial 
C cold wall 
F ice interface 
L liquid water 
1M liquid water-glass beads mixture 
S Ice 
SM ice-glass beads mixture 
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1. INTRODUCTION 
Researchers in the fields of materials processing, fluid mechani-::s and heat transfer are particularly 
interested in developments in noninvasive imaging schemes that allow the reconstruction of three-
dimensional interfaces and the measurement of growth rates of evolving morphologies. The freezing (or 
melting) of water occupying the interstitial space of porous materials occurs in a multitude of man-made or 
natural systems. In applications such as thermal energy storage, natural or artificial freezing of soil, food 
processing (Hall and Carpenter [1]), and cryosurgery (Hong et al. [2]), information of the shape and 
evolution of the boundary separating the liquid from the solid (ice) in the pore space is necessary in order 
to optimize or control the process. A particularly challenging problem arises when there is little or no 
optical access to the test section, or when the ice mass topology can only be described by volumetric data 
rather than multiple views (projections). 
A standard problem is usually formulated by considering freezing of pore water in fully-saturated 
packed beds consisting of randomly packed beads contained in a cavity, with one or more walls 
maintained at a temperature below freezing. The majority of the experimental investigations employ arrays 
of thermal sensors imbedded in the packed bed, or record the projection of the ice-water interface from a 
transparent wall, cf. Weaver and Viskanta [3], Chellaiah and Viskanta [4], Yang et al. [5]. The first 
approach is invasive and gives sparse data from which the mapping of the general interface is impossible. 
The second gives information about the interface only within a few pore sizes from the transparent wall. 
Yang et al. [5] examined transient freezing in a square cavity filled with glass or steel beads and water, and 
suddenly cooled from one side. The cavity side to bead diameter ratio was approximately 10 and the cavity 
was rotated so that the effect of the cold wall orientation could be studied. Experiments were performed for 
various orientations and the location of the ice-water interface was inferred by analyzing the area of its 
projection on the transparent wall. Correlations for the frozen volume as a function of time t were also 
given: the ice volume grows as to.62 for glass beads and as to.94 for steel beads. An interesting 
experiment reported by Lein and Tankin [6] exploits the Christiansen effect (described in detail in ref. [7]) 
to visualize the isotherms in the liquid phase in a thin packed bed cooled from above, but the information 
on the solidification front is again two-dimensional. It is clear that an imaging technique, such as Magnetic 
Resonance Imaging (MRI), based on radiation more penetrative than visible light is a natural candidate for 
porous media diagnostics, cf. Bories et al. [7], Shattuck et al. [8], Georgiadis [9], and Shattuck et al.[lO]. 
We are focusing here on the case of freezing in a cylindrical container filled with unconsolidated 
packed beds and cooled from below. The objectives of the present work are: (1) to examine the new 
challenges that the MRI experimentalist faces when probing freezing of interstitial water, and (2) to study 
the effect of packed bed coarseness on ice production and front morphology by considering two different 
packings in the same container. The outline of this document is as follows: In section 2, the working 
principles of MRI are described, along with estimates on spatial resolution and collateral heating. Section 3 
gives the details of experimental setup and experimental protocol. In section 4, the experimental results 
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(qualitative and quantitative) 'are reported, and comparisons are made with.a simple model for 
solidification. Finally, in section 5, conclusions and a listing of the limitations of MRI are given. 
2. MAGNETIC RESONANCE IMAGING (MRI) 
In complex multiphase systems there are obvious limitations with imaging systems employing 
visible light. Unlike X ray imaging, Magnetic Resonance Imaging (MRI) does not depend simply on 
electromagnetic radiation beam attenuation through the sample but rather on the selective interaction of 
Radio Frequency (RF) photons with nuclei. Therefore, absorption is proportional to the number of nuclei 
per unit volume, or spin density. However, the principal factor determining the contrast of the MRI signal 
is not the spatial variation of nuclear density, but the highly heterogeneous distribution of the nuclear spin-
relaxation rates in the sample. 
MRI can be used to probe liquids whose constituent molecules have unpaired nuclear spins, such 
as the hydrogen (H 1) nucleus (proton) of water, cf. Ernst et al. [11]. The spins resonate at a frequency 
which is proportional to the local strength of an externally imposed magnetic field, roO=l'BO. In the 
following, the exposition proceeds with the imaging method and RF pulse sequence employed, and finally 
available MRI hardware and experimental procedure. This is needed in order to appreciate the constraints 
that the MRI operator has to operate under. For completeness, a short list of scan (operator controlled) and 
intrinsic (sample dependent) parameters in a standard MRI method (multi-slice 2-D Fourier Transform 
with spin echo) is given in Table 1, following Wehrli et al. [12] and Perlin and Kanal [13]. 
Three-dimensional imaging (say in x-y-z coordinates) is accomplished by using magnetic field 
gradients to disperse the resonating frequencies in the field of view. The switching of the gradients is 
coordinated with the RF pulse sequence chosen. A standard 2D MRI procedure, spin warp, employing the 
spin echo sequence, involves repetition of the following steps [9]: 
(1) The spins in a slice of water normal to the z-axis are synchronized by applying a frequency-selective 
circularly-polarized RF pulse in the presence of a magnetic z-gradient. The excited slice location and 
thickness (THICK) depends on the imposed magnetic field and the bandwidth of the RF pulse (recall: 
ro=yB everywhere). 
(2) A magnetic y-gradient applied during a fixed time interval causes spins to acquire phase angle 
differences according to their y-position (phase encoding during excitation). 
(3) x-encoding and readout (detection) is performed as follows. The RF coil records the spin signal in 
the presence of a magnetic field gradient along x. The spins resonate at frequencies determined by 
their x coordinate. The Fourier transform of this signal yields the number of spins with a given 
frequency, and thus the distribution of the spin density, p , along x. During the readout period (less 
than 10 milliseconds) the signal is digitized into NF discrete samples. 
The above sequence is repeated NP times by systematically varying the magnitude of the y-gradient 
in step (2). The period between repetitions, TR, cannot by much shorter than a sample-dependent 
relaxation time Tl, which is about 1 sec for water. It is possible to utilize the time following sampling by 
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sequentially exciting sev~ral other z-slices at a given value of the phase-encoding gradient. This sequential 
excitation of adjacent slices can be repeated until the nuclei in the first slice have relaxed sufficiently (Tl 
relaxation) to be exposed to another value of the phase-encoding gradient and be re-excited by another RF 
pulse. This method, represented in Figure 1, is termed multi-section or interleaved multislice imaging. 
Figure 1 presents the RF excitation pulse and the RF detected pulse. Interleaving in this fashion not only 
lowers the scan time per slice ten- to twenty-fold, but also makes any temporal instabilities (over times 
longer than TR) equal for all slices. 
The distribution of water in the whole z-slice is obtained in terms of a pixelated image. The 
intensity at pixel is proportional to water concentration (averaged over the slice thickness) at the 
corresponding x-y coordinate. The absolute signal intensity is proportional to the number of spins that are 
excited in each voxel (volume element), which scales with the elementary volume 
(FOV INF)X(FOV INP)X(THICK). For the spin echo pulse sequence, the relative signal intensity scales 
with p [l-exp { -TRff 1 }] exp { -TEIT2 }. Consequently, the contrast between two different phases of water 
with comparable Tl values, such as liquid water (subscript L) and ice (subscript S), varies as 
l-exp{ -TEIT2s + TEIT2L}. 
Typically T2s=25 J.1sec to 2 msec and T2L =50 msec (T2s«T2L), so there is strong contrast at the liquid 
water-ice interface, with a significant drop in intensity in the ice regime. On the other hand there is no MRI 
signal from materials without chemically identifiable protons (p=O). Nevertheless, signal is received from 
all molecules in the field of view containing hydrogen, but this signal can be differentiated (in frequency 
space) from that emitted from the -OH group of the liquid water since the hydrogen is bound to different 
chemical groups. In the case of ethyl glycol (which is used as a coolant in our experiments), for example, 
signal is received from the ethyl protons but this leads to a 310 Hz Larmor frequency shift from that 
corresponding the -OH group. 
In order to increase the signal-to-noise ratio, the whole experiment is also repeated NEX times and 
the results averaged. The number of the total repetitions then becomes (NP)X(NEX) which implies that the 
signal-to-noise ratio is also proportional to {(NP)X(NEX)} 112. Finally, the total scan time required is 
Ttot=(NEX)X(NP)X(TR). (1) 
This is equivalent to approximately four minutes in our experiments. During this time, the test section is 
bathed in a static magnetic field Bo, time-varying gradient magnetic fields, and RF radiation from the 
sender-receiver coil. Only the RF contribution constitutes a significant thermal power input to the test 
section for the parameter range we employed, cf. Schaefer [14]. Starting with a quasi-static model for 
electromagnetic interaction between a coil with a uniform RF field and an insulated sphere of stagnant 
liquid water (approximating our test section), we arrive at an estimated temperature rise of only 
~T=0.0027 Oc. The formula employed in this calculation is [14] 
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with SAR = (J m~ BI2 R2 (NEX X NP x NSLICE TRF) 
20p Ttot 
(2) 
where SAR is the average specific absorption rate (absorbed RF power per unit of mass), cr = 1 
Siemens/m (a rather high estimate of the electrical conductivity of the sample), B 1 is the magnitude of 
circularly-polarized magnetic field corresponding to the RF pulse, R is the radius of the hypothetical 
sample sphere, and TRF the individual RF pulse duration. B 1 depends on the shape of the RF pulse and is 
inversely proportional to TRF. We assumed sinc-modulated 900 and 1800 pulses in our use of (2) and the 
MRI parameters used in the scanning of fine packed beds given in Table 1. The quantity in parenthesis 
represents the "duty cycle" of the MRI sequence, that is, the percentage of time when the RF coil 
transmits. 
In the case of imaging immobile water in the pore space with a typical set of MRI parameters 
(given in Table 1), there are two main factors that could limit the spatial resolution below the value implied 
by the pixel number and the FOV. They are both related to the presence of interfaces. Owing to the 
creation of local magnetic susceptibility gradients, air-water interfaces generate distorted images, cf. 
Bakker et al.[15]. During our experiments we tried to eliminate all air bubbles from the area of interest. To 
prevent other susceptibility mismatch areas, we opted for materials of comparable magnetic properties. 
Solid-water interfaces on the other hand are sites of constrained water molecules (bound water) which 
results in reduced T2 times. This can be translated to linewidth-broadening in terms of an uncertainty, 
~freq, in the frequency domain, which is inversely proportional to T2. The spatial uncertainty, or limit of 
resolution, in the direction of an applied magnetic gradient, Grad, becomes: 2 1t ~freq (y Grad)-l. We have 
observed ~freq in the range of 40 Hz for liquid water-filled packed beds constructed of glass beads. Using 
the typical value of Grad= 1.5 Gauss/cm (1.5 X 10-4 Tesla/cm), we arrive at a resolution estimate of 0.39 
mm. Direct imaging of ice-air interface with MRI presents a challenging problem: in addition to the loss of 
signal described in the previous paragntph, spatial resolution decreases by an order of magnitude. Csing a 
linewidth of ~freq=400 Hz (measured by Mizuno and Hanafusa [16]), the theoretical resolution at the ice-
air interface becomes 3.9 mm. 
3. MRI SCANNER AND TEST SECTION 
The MRI experiments were performed on a BO=4.7 Tesla (wO=21t X200 rad sec-I) SISCO system 
located at the Biomedical Magnetic Resonance Laboratory of the University of Illinois at Urbana-
Champaign. The superconducting magnet (which imposes the static BO field) forms a horizontal bore 
enclosing resistive shim coils (to adjust the magnetic field inhomogeneities) and magnetic gradient coils. 
The free bore size (space available for our test section) is ultimately constrained by the internal dimensions 
of the RF excitation/readout coil. We used a saddle-type coil with 16.12 cm available bore diameter. 
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An MRI experim~nt starts with a set-up protocol (which involves some operator-intensive trial and 
error procedures). Here are the basic steps (also refer to Figure 2): 
(1) Secure the test section (sample) at the center of the magnet inside the RF coil. 
(2) Tune the coil-sample system. The objective is to minimize the reflected RF power by adjusting the 
matching and tuning capacitors connected to the coil. 
(3) Shim the magnet (increase the homogeneity of the magnetic field inside the coil) by electronically 
adjusting the shimming coils. 
(4) Determine the RF transmitter power level. This determines RF power settings for 900 and 1800 pulse, 
required for the spin-warp procedure. 
(5) Set the appropriate FOV, slice orientation, TR, TE, etc. 
The operator can then run a plethora of imaging experiments by using various macros from the 
workstation which drives the scanner. The images are typically first displayed (during acquisition) on the 
control console, then saved and finally pre-processed with the software package VIEWIT (developed in 
the Biomedical Magnetic Resonance Laboratory of the University of lllinois at Urbana-Champaign) before 
downloading them to the image analysis computers. 
The MRI test section contains a heat exchanger that was designed to operate within the 
specifications required to freeze water inside the bore of the scanner (Figure 2). Owing to the presence of 
strong magnetic fields and RF radiation in MRI, ferromagnetic materials cannot be placed in or near the 
bore of the scanner. Therefore, the heat exchanger was constructed almost entirely of plastics, with the 
exception of the heat exchanger surface which is composed of aluminum nitride, a ceramic. Aluminum 
nitride has the advantage of relatively high thermal conductivity (one third of that of copper), poor 
electrical conductivity (which minimizes RF power absorption), and similar magnetic susceptibility to the 
rest of the test section. The cooling fluid, a mixture of ethylene glycol and water, is provided by a Neslab 
RTE-21O recirculating- bath. The use of ethylene glycol requires that the materials used in the heat 
exchanger are resistant to chemical corrosion. The lower half of the test section (the shell housing the 
cooling fluid) is connected through 10 m of insulated Tygon TM tubing to the bath, so that the distance 
between the bath and the magnet is approximately 5 m, which brings the susceptible bath parts (pump, 
electronics) within the 10 to 20 Gauss range. For comparison, the earth's magnetic field is equal to 0.5 
Gauss. 
The shell of the test section is constructed of natural Delrin TM. Delrin was selected for its good 
magnetic properties, corrosion resistance, and ease of machinability. The outer dimensions of the test 
section are restricted by the inner diameter of the imaging RF coil (refer to Figure 2). There are two 
chambers in the test section. Cooling fluid from the bath circulates in the lower chamber. The upper 
chamber is a cylindrical cavity with 12.7 mm thick walls, with inner dimensions of H=40.26 mm (height) 
and D=76.2 mm (diameter), and a chimney-like hole on top for venting and allowing the water to escape 
during freezing. It houses the sample: a solid matrix consisting of a packed bed of glass beads fully-
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saturated with water. Th~ two chambers are divided by a circular disk of 108 mm-diameter aluminum 
nitride which acts as the heat exchange surface between the ethylene glycol and the sample. The thickness 
of the aluminum nitride plate is I mm (0.040 inch). This thickness allows rapid heat exchange between the 
two chambers while maintaining enough structural integrity to prevent failure of the plate due to pressure 
differential between the upper and lower chambers. Two nitrile O-rings, one on each side of the aluminum 
nitride plate, form the seal that prevents leakage from either chamber. An extra O-ring is fitted directly 
between the two pieces of delrin to prevent fluid escaping to the surroundings in case either of the interior 
O-rings fail. The upper chamber contains three nylon plugs, which can be fitted with thermal probes to 
monitor the temperature in the upper chamber. During the coarse-packing experiment discussed below, a 
thermocouple was attached on the aluminum nitride plate, on the side of the packed bed, and the 
temperature was monitored when the MRI scanning was off. Finally, the whole test section is thermally 
insulated by enclosing it in a jacket made from a 2 cm thick sheet of insulation. 
4. EXPERIMENTAL RESULTS AND DISCUSSION 
Experimental Protocol and Pore Space Reconstruction 
MRI can capture the phenomenon of freezing in a fully saturated porous medium by allowing the 
visualization of progressive stages of the liquid-solid interface. In our experiments, only liquid water gives 
significant MRI signal because the relaxation time T2 of ice is very short (see discussion in Section 2). The 
test section was positioned in the scanner so that the cold plate was horizontal and the sample was cooled 
from below. The upper chamber was filled with uniform glass beads and completely saturated with 
deaerated water. Two sets of packed beds were used: a coarse-packing with d=14 mm beads, and a fine-
packing with d = 3 mm beads. For the coarse packing, MRI acquisition was performed in a series of 
transient experiments in which the bath and the plate were left to reach thermal equilibrium at -1 OC, and 
then the bath thermostat was set to a low temperature. The plate would then cool down slowly (owing to 
the large thermal mass of the coolant in the bath and the 10 m of tubing). Figure 3 gives the transient 
behavior of the bath temperature and the temperature at the aluminum nitride plate surface (packed bed 
side) as measured with a thermocouple, as well as the average height of ice in the test section obtained via 
image processing the MRI scans. The jump in the plate temperature at t=O marks the onset of freezing. 
This temperature variation is typical of such phenomena, cf. Figure 2 of Yang et al. (1993). For the fine 
packing, the test section was imaged as it cooled down starting from 220C (room temperature). 
The first coarse-packing experiment consisted of six consecutive MRI scans. Each scan produced a 
set of twelve 2-D horizontal slices normal to the vertical axis of the test section, which corresponds to the 
vertical axis y of Figure 2. The slices are positioned 0.5 cm apart to span the entire inner volume of the 
upper chamber which contains the packed bed. The image of each slice contains 256 by 128 pixels, 
corresponding to a field of view of 10 by 10 cm. The visualization of the 3D matrix of packed beads 
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contained in the MRI test section, before the onset of freezing, was used to assess the accuracy of the MRI 
data in recreating volumes. First, the beads' cross sections were created by digitally enhancing the glass-
water interface in the MRI slices and the whole packed bed was reconstructed as a 3D object by 
interpolating between the slices. Second, the pore space was directly measured by emptying the test 
section, counting the beads, and computing their volume. Comparison between the MRI-measured 
(<»=O.SO) and the directly-measured (<»=0.49) pore space volumes gives a 2% volumetric error. There was 
no appreciable distortion (deviation from sphericity) for the beads in this level of resolution. The packed 
bed was also visually reconstructed by rendering the bead surfaces and finally projecting it at 300 and 200 
tilts. Figure 4 gives these two views of the packed bed. Fusion of the two views in the brain yields the 
illusion of stereoscopic view of the object. 
The porosity of the fine-packing bed (<»=0.42) was estimated by weighing a known quantity of the 
3mm beads, then weighing the whole sample contained in the cavity, estimating the total quantity and 
computing its volume (since we have monodisperse spherical beads), and finally subtracting from the 
known cavity volume. In our modeling below, we use <»=0.49 for the coarse and <»=0.40 for the fine-
packing beds. 
As is obvious from Figure 3, each MRI scan obtained with the multislice sequence coincides with 
approximately ~ T= I.SoC temperature increase in both bath and aluminum nitride plate (measured 
immediately after each scan) for the coarse-packing, and up to ~ T= 20C for the fine packing. Is this 
caused by RF thermal input? The a-priori estimate of equation (2) in Section 2 was only 0.0027 0c. This 
estimate can be checked against an upper limit obtained on the basis of the RF transmitter power (applied 
to the RF coil and adjusted by the operator to produce the 900 and 1800 pulses). Indeed, the delivered 
energy during the Ttot=341 sec of the NSLICE=9 fine-packing experiment was 24.12 Joules. This implies 
that the temperature of a water sphere of radius 0.038 m would be raised by O.OIS 0c at most. This is 
consistent with the a-priori estimate because not all power applied to the RF coil is absorbed by the 
sample. So, it is certain that RF heating did not cause the l.S-20C temperature rise. Evidence of spurious 
fluctuations of the cooling bath thermostat indicator during the MRI scanning points out that 
electromagnetic influence of the scanner was severe enough to relax the temperature control of the bath. 
These inteferences occured only during scanning, and the bath thermostat returned to the preset value 
immediately after each scan. 
Ice Front Reconstruction in Coarse-Packing Bed 
The liquid water-saturated pore space has been volumetrically recreated from one scan during 
freezing and is given in Figure Sea). The top is truncated above a horizontal slice in order to visualize the 
spherical cavities corresponding to the spherical beads (glass beads are not visible in MRI). Similar 
cavities are also distributed in the interior of the truncated cylindrical volume (as the cut-out in Figure Sea) 
demonstrates). The prominent trench visible on the top marks the presence of an air bubble which is 
trapped under the upper wall of the cavity. During subsequent experiments, care was taken to eliminate 
9 
such bubbles by tilting ~nd shaking the sample, and verifying via MRI the absence of such odd-shaped 
cavities. 
The second coarse-packing experiment, the results of which are presented in Figure 3 and will be 
further discussed below, was composed of six MRI scans. Each scan corresponds to a set of twelve 2-D 
vertical slices, each slice positioned normal to the z axis of Figure 2. The slices are 0.5 cm apart, creating a 
6 cm-thick stack, and again have 256 by 128 pixel resolution. This experiment involves vertical sectioning 
(normal to the front) which allows increased resolution of the solidification front, and permits the 
reconstruction of the solid-liquid interface as a function of time and space. Each scan required 
approximately 4 minutes. The position of the freezing interface in the central slice (section containing the 
vertical axis of the cylinder) is given in Figure 5(b). The general shape of the interface becomes 
increasingly convex as the front evolves upwards. 
Using the total data set (12 slices), the volume of ice (including the glass beads it encloses) is 
estimated. The average height of the frozen column, which is bounded by the aluminum nitride plate from 
below and by the water-ice front from above, is computed by integrating the MRI slices and is given in 
Figure 3. Based on the measured front speed, the ice interface moves an average 1.6 mm during each 4 
min MRI scan. This is commensurate with the a-priori estimate of 0.39 mm resolution at the ice-glass 
interface (based on linewidth-broadening) and a pixel resolution in the range of 0.39-0.156 mm (based on 
the field of view given in Table 1). 
Ice Front Reconstruction in Fine-Packing Bed 
The progression of the ice-water interface in the d=3mm packed bed is similarly tracked with MRI. 
Figure 3 depicts the average interface height as a function of time, starting from t=O when the onset of 
freezing was estimated to have occurred, superposed on the bath temperature record. Contrary to the 
previous experiments, a variable number of vertical slices was acquired during each MRI scan, each 
resulting to a different temperature rise. The first two data points were acqcired with a single slice scan, 
the fourth with NSLICE=5, and the third and fifth with NSLICE=9. Figure 6(a) gives the time evolution 
of the solid-liquid interface during freezing, by superposing the slice containing the vertical axis of the 
cavity. It is clear that the ice-water interface remains much flatter than the coarse-packing case. During the 
last scan, a water-filled cavity appeared near the left boundary, probably caused by the local remelting of 
ice, and by the shifting of the beads and the creation of a l~ns-like pore in that area. After the last scan 
represented in Figure 3, the bath temperature was raised above freezing, and the ice layer was thawed from 
below as the aluminum nitride plate was heated. A qualitative view of the remelting is presented in Figure 
6(b), where the location of the lower water-ice interface is marked. That interface is convex signifying the 
presence of recirculation in the underlying liquid water during melting. The modification of the shape of 
the lens-like pore as the melting progresses does not mean that the pore closes, as the presented views 
correspond to different slices of the sample. 
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One-Dimensional Model for Ice Front Propagation 
The upwards movement of the ice-water interface during freezing was simulated with an one-
dimensional conduction model assuming that the water saturated packed bed is a homogeneous medium in . 
contact with an isothermal cold plate from below and unbounded from above. It is assumed that the packed 
bed-water system is stably stratified and conduction is the dominant heat transfer mechanism. The fine-
packing bed experiment was simulated with Tj-TF=220C superheat (difference between packed bed 
temperature and freezing point) and TF-TC=SOC, in contrast to the Tj-Tp-l0C supercool and TF-TC=50C 
for the coarse-packing case. The thermal properties of the solid matrix-liquid water and solid matrix-ice 
portions of the sample were estimated by volumetrically averaging the properties of the constituents, 
starting from the properties given in Table 2. For example, the effective conductivity of the frozen and 
unfrozen portions were estimated by the following formulas 
(3) 
The solution of this freezing front propagation problem (a variation of the Stefan problem) is given in 
Poulikakos [17] in terms of a nonlinear algebraic equation for a properly scaled distance between the front 
and the cold plate, which is defined as 0.5 z (aSM t)-1I2. The solution of this equation was obtained for 
two porosities for each of the experiments: <1>=0.49 and <1>=1 (coarse-packing) and <1>=0.40 and <1>=1 (fine-
packing). The results for <1>=1 correspond to the freezing of pure water and are used as a control. The 
results are presented in Figure 7, in terms of a non-dimensional front height z* versus a non-dimensional 
time 
(4) 
This non-dimensional time is defined slightly different in Yang et al. [5]. 
Due to the non-uniformity of random packing of the spheres near walls, the porosity is very high 
in a 2 d to 3 d thick annular region near flat walls compared to the bulk value at the core (near the vertical 
axis of the cylindrical cavity). The simulation results depicted in Figure 7 indicate that the growth of the 
<1>=0.49 and <1>=0.4 fronts (representing the core) is higher than that of <1>=1 (representing the wall region). 
This is consistent with the convexity of the observed freezing front depicted in Figure 5(b). Solidification 
in the core proceeds faster than at the perimeter. This "wall-effect", which is extremely pronounced in the 
coarse-packing bed (D/d=6), affects the solidification front in the following ways: The conductivity of 
glass is approximately twice that of water, see Table 2. The increased thermal conductivity of the packed 
bed is therefore higher at the core (near the vertical axis of the cylindrical cavity) than the perimeter. 
Hence, the core region cools earlier. More latent heat is released (during freezing) near the walls since 
there is more water there. This effect is insignificant for the fine-packing bed (D/d=25), and again the MRI 
observation confirm this, cf. Figure 6(a). 
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The solution of the Stefan problem with isothennal cooling plate yields z* proportional to to.5. The 
model predictions do not reproduce quantitative the observed front growth rates. Our experimental results 
were correlated by the following power laws: 
* - 437 0.62 Z fine -. r, Z * coarse = 5.84 rO. 71 (4) 
The disagreement can be attributed to the exclusion of two- and three-dimensional effects, and the adoption 
of a simplified thennal boundary condition. Among the two model deficiencies, the latter is significantly 
more severe. It is clear from Figure 3 that the bottom plate did not remain isothermal during the freezing. 
Given the fact that the plate was convectively cooled by a thermostatically controlled bath, a convective 
boundary condition at the cooled wall is more appropriate. The approximate solution ofMa and Wang [18] 
implies that, for negligible superheat (the coarse bed experiment), the front progresses as Z*=C1 't - C2 't2 + 
... , where c 1 ,c2 are constants that depend on the heat transfer coefficient between the plate and the cooling 
fluid. This is consistent with the measured exponent 0.71 of equation (4), as well as the linear growth of 
the front during the first three scans for the coarse bed given in Figure 7. The temporal behavior of the 
freezing front with significant superheat (fine-packing bed experiments) is more complicated. The front 
growth rate is slower than that for the zero superheat case, it reaches a peak value, and then decays [18]. 
This might account for the change of slope of the z* versus 't curve given in Figure 7. Finally, it is worth 
noting that the fine-packing bed result given in (4) agrees with the exponent 0.62 measured by Yang et al. 
[5], obtained with a corresponding D/d=lO and similar superheat. 
Recommendations for Improved Methodology 
It is clear that the temperature rise experienced by the sample during MRI imaging is an unwanted 
byproduct of the scanner-bath interaction, so it is important to examine whether the thermal power input 
has affected directly the freezing process. Since CL L\T« L, the thennal input is much less that the latent 
heat released during freezing (and transported away via the cooling bath). Shortening the scan time will 
bring a commensurate reduction of interference (and heating), but this requires the decrease of resolution 
in terms of pixel size (NP factor) or 3-D imaging (NSLICE factor). Indeed, no significant temperature rise 
was recorded during the early scans (NSLICE=l) for the fine-packing case depicted in Figure 3. Rather 
that decrease the scan time, we are making efforts to eliminate the electromagnetic coupling between the 
bath and the scanner. One practical solution is to cool the test section with liquid nitrogen. 
Increasing the spatial resolution will incur penalties in terms of longer scanning times, as the 
analysis in Section 2 implies. This will limit the temporal resolution which is critical in imaging evolving 
solidification fronts. It is worth mentioning in passing that the success of the employed MRI sequence in 
our experiment hinges on the fact that motion in the interstitial water during freezing was negligible. Figure 
6(a) gives an example of the generation of motion artifacts in the water-ethylene glycol mixture reservoir. 
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Improved MRI sequences are necessary to compensate for flow in the field of view and to quantify the 
velocity field, cf. Shattuck et al. [10]. 
In order to improve the modeling of freezing front propagation in complex media, the pioneering 
work of Hong et al. [2] -shows that it is feasible to couple MRI results with numerical heat transfer 
simulations. The freezing front boundary obtained by MRI sectioning can be used as a boundary condition 
for a numerical scheme (a finite-difference scheme was used in [2]) to produce the temperature field 
throughout the sample. The slow speed of propagation (in our experiments, Ste=0.0625 for coarse and 
Ste=0.123 for fine-packing) reduces the heat transfer model to a quasi-steady conduction equation, which 
can be solved on a grid that is commensurate with the pixelated MRI field of view. This is particularly 
useful in the frozen domain which is not resolved in MR!. 
5. CONCLUSIONS 
A novel application of a non-invasive high-resolution imaging technology, Magnetic Resonance 
Imaging (MRI), in the study of structure evolution in two-phase media of ice-water interfaces has been 
demonstrated. MRI relies on the interaction of radiofrequency radiation and nuclear spins, in the presence 
of magnetic fields. We have used a multi slice MRI sequence to map the freezing of water contained in a 
coarse and a fine packed bed cooled from below. The position of the ice interface was visualized, 
indirectly, by mapping the water column in space and time. The average distance of the interface from the 
plate was used to quantify the solidification rate. Initially, solidification was found to progress linearly 
with respect to time in the case with negligible superheat, and faster than the square root of time in later 
stages. The shape of the solidification front became convex upwards during freezing in the coarse-packing 
bed (D/d=6) owing to the wall effect, while the front inside the fine bed (D/d=25) remained flat. A 
summary of the constraints of MR!, in its present implementation, is given below. 
Non-ferromagnetic media with low electrical conductivity are required for the sample, and 
magnetic susceptibility interface artifacts can be severe, especially near gas interfaces. What MRI lacks in 
theoretical resolution (10 J.lm-wide pixels, without special RF coils, compared to 1 J.lm for optical 
methods), it makes up in penetration depth into opaque media. In our experiments, the 390-156 J.lm pixels 
provide adequate resolution in space, and allow the reconstruction of the freezing front in time. Finally, in 
order to produce quantitative 3D reconstruction, MRI studies rely on extensive image processing and 
image analysis. Acquiring and analyzing 3D data (representing complex morphologies) makes high 
demands in terms of gigabyte-size digital storage, high resolution color displays, or video. The MRI 
technique has seen explosive growth in the field of biomedical imaging during the last ten years, and has 
come full cycle back to the applied sciences. This work serves to demonstrate that the MR! user has to be 
familiar with the fundamental as well the applied aspects of this very promising non-invasive tool before 
adopting it in a specific application. 
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Table 1. 
List of operator-controlled) and intrinsic parameters in a standard MRI method (multi-slice 2-D Fourier 
Transform with spin echo). The values in parenthesis correspond to the actual values used in the freezing 
experiments in coarse-packing (first value) and fine packing (second value) bed. 
MRI scan parameters 
FOV = field of view, length or width size of the image 00 cm, 8 cm). 
NP = number of phase-encoding gradients employed in the spin-warp sequence 028, 256). 
One coordinate of the 2-D Fourier transform k-space. 
NF = number of frequency-encoding gradients, the other k-space coordinate (256, 512). 
NEX = number of repetitions (excitations) of entire experiment for signal averaging (2, 1). 
NSLICE = number of slices, each of thickness "THICK", obtained in multi-slice imaging 02, 9). 
TE = echo-time between 900 pulse and the peak spin-echo signal (0.02 sec, 0.03 sec). 
TR = repetition time between 900 RF pulses (1 sec, 1.33 sec). 
Intrinsic parameters 
y = gyromagnetic ratio, 21t X42.57X 106 rad sec- I Tesla- I for hydrogen (H 1). 
Tl = longitudinal (spin-lattice) relaxation time. 
T2 = transverse (spin-spin) relaxation time. 
p = proton spin density, number of spins per unit volume of sample. 
Table 2. 
Thermophysical paameters for the components of the packed bed. 
Liquid water Ice Borosilicate glass 
density [kg m-3] 1000 920 2,640 
conductivity[W m- I K-I] 0.569 1.88 1.09 
diffusivity [m2 sec-I] 1.35 x 10-7 1.0 x 10-6 5.1 x 10-7 
fusion latent heat [Jkg-I] 333 x 103 
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Slice NSLICE 
14------ T R -----~ 
~~~~~mTIm Slice NSLICE 
DETECTION 
spin echo 
Figure 1 RF excitation and detection during multi section imaging with spin echo. The 900 and 
1800 excitation RF pulses are required to encode space before the spins loose coherence (relax). 
T2 is the spin-spin relaxation time, characteristic of loss of phase coherence in the x-y plane. The 
signal acquisition from a stack of NSLICE z-slices is interleaved (in Fourier-space). A single 
Fourier-space line (corresponding to a fixed value of the phase-encoding gradient) is acquired for 
each of the z-slices. 
y 
x 
Tuni 
Test Section 
Tuning/Preamp box Cooling pipes 
Figure 2 MRI scanner and associated hardware, all contained in a shielded room. The field of 
view can be anywhere inside the RF coil. The cooling pipes are connected to the bathlrecirculator 
system, which is positioned as far from the magnet as possible in order to minimize interference. 
Shimming, calibration of RF power, and control of the imaging sequences, are performed from 
control hardware outside the MRI scanner room. 
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Figure 3 The evolution of average height of freezing front, cooling bath and cold plate 
temperature as a function of time. The jump in the coarse-packing plate temperature 
corresponds to the onset of freezing . 
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• • 
Figure 4 Stereogram of the solid matrix of the-D/d=6 packed bed consisting of two simulated 
views of the MRI recreated object. Fusion of the two views in the brain yields the illusion of 
stereoscopic view of the object. The reader can achieve the stereo depth effect by holding the 
page at normal reading distance and relaxing the eyes (focusing at infinity) so that the dots in 
each pair merge. 
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Figure 5. MRI images of freezing in coarse packed bed (D/d=6). (a) Volumetric reconstruction 
of the interstitial liquid water. (b) Time evolution of the liquid-solid interface. The gray disks are 
the cross-sections of glass beads, white denotes liquid water. Each image corresponds to the 
same vertical slice near the axis of the cylindrical test section. The front profiles (solid lines) are 
obtained at 10 min, 25 min, 40 min, 50 min, and 60 min iifter the freezing inception. 
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Figure 6. MRI images of freezing and thawing in fine packed bed (D/d=25). (a) Time evolution 
of the liquid-solid interface during freezing. Image is obtained by superimposing the central cross 
section. The front profiles (white lines) are obtained ~t 53 min, 70 min, 101 min, 113 min, 133 
min, and 155 min after the freezing inception. (b) Time evolution of the liquid-solid interface 
during thawing. 
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Z\ne = 4.3673 * -r A(O.62074) R= 0.997 
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Figure 7. Comparison between measured (circles) and predicted (solid line) average front 
evolution as a function of time during freezing. The predictions are obtained for two porosities 
(bulk and wall region) for each of the two packed beds. . 
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